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Anti-angiogenic therapies in the management of glioblastoma
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Abstract: Angiogenesis is a central feature of glioblastoma (GBM), with contribution from several

mechanisms and signaling pathways to produce an irregular, poorly constructed, and poorly connected

tumor vasculature. Targeting angiogenesis has been efficacious for disease control in other cancers, and given

the (I) highly vascularized environment in GBM and (II) correlation between glioma grade and prognosis,

angiogenesis became a prime target of therapy in GBM as well. Here, we discuss the therapies developed to

target these pathways including vascular endothelial growth factor (VEGF) signaling, mechanisms of tumor

resistance to these drugs in the context of disease progression, and the evolving role of anti-angiogenic

therapy in GBM.
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Glioblastoma (GBM) is the most aggressive and
unfortunately most common, malignant primary brain
tumor, with a median survival of 10-31 months depending
on age at diagnosis, extent of resection, treatment and
molecular prognostic factors (1-4). Angiogenesis is a
central feature of GBM, with microvascular glomeruloid
proliferation requisite for histological diagnosis (5,6).
Endothelial cells comprise the tumor blood vessels,
facilitating delivery of nutrients and oxygen. In addition,
endothelial cells directly support glioma progenitor cell
proliferation through intercellular signaling pathways,
contributing to tumor growth and resilience (7).

Mechanisms of angiogenesis

Angiogenesis in gliomas involves various mechanisms:
co-option of preexisting vessels (8); de novo angiogenesis
through extension of nearby vessels (9); differentiation
of bone marrow-derived endothelial progenitors (10);
multiplication of vessels through splitting of existing vessels
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(also known as intussusception) (11); and vascular mimicry
by glioma stem cells that form luminal cylinders resembling
vessels (12-15).

Angiogenesis is regulated by intricate and overlapping
signaling pathways, which involve both hypoxia-dependent
and -independent processes. In hypoxic environments,
hypoxia inducible factor 1 subunit alpha (HIF-Ia) is
upregulated, driving expression of pro-angiogenic genes
such as vascular endothelial growth factor (VEGF).
VEGF protein binds to its receptor VEGFR and activates
additional growth factors that mediate endothelial
sprouting, migration, and endovascular permeability.
Hypoxia also induces matrix metalloproteinase (MMP)
production that mediates stromal disintegration and
endothelial migration (16,17). Angiopoietin 1 (ANGI) and
ANG?2 have a complicated interplay, but work together
to help formalize these primitive vessels. ANGI1 protein
stabilizes vessels by facilitating cell interactions that support
vasculature integrity (18). The role of ANG?2 depends on
the presence or absence of VEGE. When VEGF is present,
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ANG?2 acts via tyrosine kinase with immunoglobulin-like
and EGF-like 1 (TIE1) receptors to promote angiogenesis
and stimulate the migration and differentiation of
endothelial cells, through Notch and ephrin-A2 signaling,
respectively (19-22). When VEGF is absent, ANG2 acts
via TIE2 receptors to destabilize blood vessels, causing
endothelial apoptosis and vessel regression (19). In low
nutrient environments, VEGF can be upregulated through
peroxisome-proliferator-activated receptor-y coactivator-
la (PGC-1-a) independently of hypoxia (23). In addition,
several different gene mutations that are common in
gliomas, including platelet-derived growth factor (PDGF),
epithelial growth factor receptor (EGFR), p53 (TP53),
RB transcriptional corepressor 1 (RBI), von Hippel-
Lindau tumor suppressor (VHL) and phosphate and tensin
homolog (PTEN), all stabilize HIF-1a causing subsequent
upregulation of VEGF (24,25).

In addition to VEGF-related actions on angiogenesis,
stromal cell-derived factor 1 protein (SDF-1, also known as
C-X-C motif chemokine ligand 2, CXCL2), and its receptor
CXCR4 (C-X-C motif chemokine receptor 4), also recruit
bone marrow-derived progenitors from the circulation into
the tumor that subsequently differentiate into endothelial
cells and pericytes (26-28). Other growth factor pathways
including fibroblast growth factor (FGF), phosphoinositide
3-kinase (PIK3), PDGF, and transforming growth factor
B1 (TGEpI), mediate angiogenesis through a combination
of mechanisms that regulate VEGF expression, stimulate
endothelial cell proliferation, and regulate expression of
proteases implicated in vessel dissolution and migration
(29-32). As these processes unfold, the tumor vasculature
manifests as irregular, poorly constructed, and poorly
connected vessels (33). This disorganized and leaky system
creates spatiotemporal heterogeneity in tumor oxygenation
that may impact the development and expansion of the
tumor’s genetic subclone populations.

Therapeutic strategies targeting angiogenesis

Targeting angiogenesis through VEGF blockade and
other mechanisms has been efficacious in other cancers.
In addition to triggering tumor cell death via deprivation
of oxygen and nutrients, targeting angiogenesis may lead
to the transient normalization of the tumor vasculature
and improved uptake of cytotoxic chemotherapy (34). In
addition to observations that GBM is a highly vascularized
tumor, several studies correlated VEGF expression with
glioma grade and prognosis (16,35,36). Thus, angiogenesis
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became a prime target of therapy in GBM as well.

While there are many inhibitors targeting different parts
of the angiogenesis cascade, the only approved treatment
in the United States (US) is bevacizumab, a recombinant
human monoclonal antibody that binds to and sequesters
VEGE, preventing activation of its receptors. In 2004, it was
first FDA-approved for treatment of advanced colorectal
cancer, where it reduced microvascular density and blood
perfusion (37). The first clinical trials of bevacizumab
in GBM were in recurrent disease in the “AVF3708g/
BRAIN” and “NCI 06-C-0064E” phase II trials. In these
trials, bevacizumab monotherapy or combination therapy
with irinotecan, demonstrated objective response rates (28—
40%) and progression-free survival at 6 months (PFS6) of
40-50% that were markedly improved compared to higher
historical controls, but no improvement in overall survival
(OS) (38-40). These studies led to conditional accelerated
FDA approval of bevacizumab in recurrent GBM in
2009, approved as monotherapy given the added toxicity
in the combination arm (38,39). The phase III European
Organization of Research and Treatment of Cancer
(EORTC) 26101 trial in recurrent GBM investigated
lomustine with or without bevacizumab, and combination
therapy also demonstrated improvement in PFS (1.5 to
4.2 months) but no change in OS (41). Both the AVF3708g
and EORTC 26101 trials demonstrated reduced reliance on
steroids. In EORTC 26101, more patients on bevacizumab
were able to completely stop steroids than patients in the
control arm (23% vs. 12%). Based on the results of this
trial, bevacizumab received full approval for treatment of
recurrent GBM in 2017.

Bevacizumab was also investigated in newly diagnosed
GBM in two large randomized, double-blinded, phase III
trials—Radiation Therapy Oncology Group (RTOG) 0825
and AVAglio. Both trials demonstrated an improvement in
PFS by 3.4-4.4 months with addition of bevacizumab to
standard temozolomide and radiation, but no improvement
in OS (42,43).

Aflibercept, also known as VEGF trap, is a recombinant
fusion protein that binds to circulating VEGF-A and
VEGF-B, as well as placenta growth factor (PGF), and
inhibits binding to VEGF receptors and downstream
signaling. A phase II trial in recurrent malignant glioma
demonstrated PFS6 of 7.7% in GBM, however the study
was notable for high dropout attributed to significant
toxicities (44).

"Tyrosine kinase inhibitors (TKIs) are small molecules
that target one or many tyrosine kinase receptors, including
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VEGFR, EGFR, PDGFR, and FGFR. Sunitinib and
sorafenib both target VEGFR in addition to c-Kit and
PDGFR, and are shown to improve survival in other
cancers including metastatic renal and hepatic cell
carcinoma (45,46). However, a phase II trial looking at
sunitinib monotherapy in bevacizumab-naive and -resistant
recurrent GBM demonstrated no improvement in PFS or
OS (47). Sorafenib was tested in a phase I trial of recurrent
GBM with modest effect on outcomes (median PFS
7.9 months and OS 17.8 months), but several dose-limiting
toxicities (48). Phase III trial of cediranib, another inhibitor
of VEGFR, c-Kit and PDGFR, versus lomustine versus
combination failed to meet its primary endpoint of PFS in
recurrent GBM (49). Enzastaurin, which targets the protein
kinase C and PI3K/AKT serine/threonine 1 pathways, also
failed to meet its primary endpoint of improvement in PFS
or OS in a phase III trial in recurrent GBM comparing
enzastaurin versus lomustine (50).

Unfortunately, targeting other components of
angiogenesis has also demonstrated limited efficacy.
Trebananib (AMG386), a peptide fused to the Fc
immunoglobulin protein, inhibits ANG1 and ANG?2
ligands from interacting with the TIE2 receptor. Phase II
study of trebananib versus combination with bevacizumab
in recurrent GBM showed no improvement compared
to historical OS of bevacizumab monotherapy (51).
Cilengitide, an antagonist of integrins avB3 and avB5 that
mediate vascular stability, did not improve PFS or OS in
combination with standard therapy for newly diagnosed
GBM (52). In addition to the treatments discussed above,
there are many additional clinical trials using medications
targeted toward angiogenesis, in different phases of
development (Table I).

Pathways of resistance

Despite the biologic rationale and early promise of anti-
angiogenic therapies, no agent in isolation or in combination
has yet demonstrated an improvement in survival in GBM.
Mechanisms of resistance are multifactorial and involve
(I) upregulation of VEGF-independent angiogenesis;
alternative methods of vasculogenesis including (II)
recruitment of bone marrow-derived progenitors, (III)
vascular mimicry and (IV) vessel co-option; (V) tumor cell
autophagy; and (VI) tumor cell migration away from the
tumor center and invasion into surrounding brain tissue
(Figure 1). In addition to these pathways, there is some data
that tumors treated with TKIs may acquire mutations in
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tyrosine kinase domain that dampen the response to TKIs,
as seen with EGFR inhibitors gefitinib and erlotinib (90).

Downregulation of VEGF leads to upregulation
of other proangiogenic pathways, including PDGF,
FGF, phosphatidylinositol glycan anchor biosynthesis
class F (P/GF), hepatic growth factor (HGF)/c-MET
protooncogene, ANGI1, ANG2, delta4-notch (DLL4-
Notch), and interleukins (12,91,92). Hypoxia resulting from
treatment with VEGF inhibitors upregulates HIF-1a, which
in turn increases expression of ANG2 (93). FGF, which is
involved in developmental and oncologic angiogenesis, may
mediate resistance to VEGF inhibitors such as cediranib
(94,95). In addition to regulation of FGF and ephrin
signaling pathways, the DLL4-Notch pathway may also
mediate resistance to VEGF inhibition by stabilization of
larger vessels (96).

Blockade of VEGF/VEGFR signaling drives
compensatory mechanisms of tumor vasculogenesis.
Increased vascular co-option was seen in HIF-1a transgenic
knockout mice, as well as GBM mouse xenograft models
treated with a neutralizing VEGF antibody (10,97). In
humans, co-option was observed in resected tumor samples
after pre-surgery exposure to bevacizumab or cediranib
(98,99). VEGF/VEGFR blockade also leads to de novo
blood vessel formation and stabilization via the VEGF-
independent pathways described above (10,99-106).

Independent of increasing angiogenesis, disease
resistance to anti-angiogenic agents may be mediated by
other mechanisms of tumor perseverance. The hypoxia-
induced pathways above also drive tumor progression
through expansion of a HIF-regulated tumor progenitor
population (107). Tumor cells under hypoxic stress may
also evade immediate cell death with autophagy-driven
sequestering of damaged cell components, mediated by
HIF-1a and B-cell CLL/lymphoma 2 (BCL2)-interacting
protein 3 (BNIP3) (100). In addition to in situ resilience,
tumor cells treated with anti-angiogenic agents migrate
and invade away from hypoxic areas, demonstrated both in
mouse models of GBM (108,109) and in humans (110,111).
This invasion is often perivascular in nature along blood
vessels remaining after anti-angiogenic treatment, with
tumor cells co-opting pre-existing vessels in a VEGF-
independent manner (97). This invasion is seen on MRI
as non-enhancing disease and can be multifocal and thus
more difficult to address with focal treatments (surgery,
radiation, etc.) at the time of recurrence (26,101,108).
This invasive phenotype may be mediated through
upregulation of genes that facilitate cellular motility as

Chin Clin Oncol 2020 | http://dx.doi.org/10.21037/cc0.2020.03.06



Schulte et al. Anti-angiogenic therapies in the management of GBM

Page 4 of 14

(pomuruo)) 1 SIqEL,

(99) SYIUOW L€' S4dW ‘SYILUOW |'/ | SOW ‘ZINL + LY UM UOIBUIGUIOD U]

(0G) (suruow 9| Sdw ‘syuow 9'9
SOW) sunsnwo| o} pesedwon yyeusq ou 03 enp sisAjeue welul e paddoig

(S9'79) %G 9S4d ‘suiuow 6°/-¢ SOW
(S2¥29010.1DN) Bulobuo

(£929°6Y7) @UOE BUIISNWO| JOAO JUBWSA0IdWI ON

(19°09) syuened Jo %12/ PUB 9%/ 78 SBIIDIXO} #/€ 8pels ‘Syuow g'g
PUB 2°€ S3dW ‘%G'8 PUB %8°/Z 9S4d SUIUOW 9y pue "0l SOW ‘“AjpAiosdsal
‘ainsodxa Joud yum asoyl pue Adessyy olusbolbue-ijue o1 aaeu syuaiied uj

(65) qewnjeAe JoNQIYUI |-Od YHM UOIEUIQUIOD Ul J0 AdeIsyjouow se %8| 9S4d
'SVYAVITO (8G) UBSNLIO| Yim UOIeuIquiod ul 1o Adessyjouow se %92 9S4d

(£8) sypuow £'6 SOW ‘syuow 9 S4dw
(526%0070LON) Bulobug
(82¥2S1¥01DN ‘v296 | L#0LON) Bulobuo

(95) siuaied Jo 9%/ | Ul uolenunuoosip o} Buipes| A1oixo} Jueoyubis

(660958£0LON) Buobuo
(08156800LON ‘B10°S[EHIEIIUID) SYUOW || SOW ‘%G'Z| 9Sdd
(55) Aworxoy ybiy o3 enp pareululis]

(v5'€9)
SUIUOW 0}-G/'G SOW PUE SYIUOW 6'2-8" L S4dW ‘AJE YlM LOIBUIGIOD U]

(1) % L'8E "SA 9%9"E9 SIUSAS 9SIOAPE G O} € BPEBID) "SUIUOW G|
'SA 2’7 S4dW ‘SYIUOW 98 "SA |6 SOW ‘L0192 O1HOI—AIL F NNDD

(2¥) sywuow g7/ "sA 201 S4dW ‘syuow L'9| 'sA 2'GL SOW G280 HOLY ‘()

gD pasoubelp Aimau ul || 8seyd

INED 1uBLINDai Ul ||| 8seyd

INED 1usLInDdal || 8Seyd
NgD pasoubelp Aimau ul || 9seyd

INED 1uainoal Ul ||| 8Seyd

gD pasoubelp Aimau || 8seyd

INED 1ua1inoal || eseyd

NGD 1ualdindal || 8seyd

NGD 1usdindal ||/] @seyd

INgD pasoubelp Aimau ||/] eseyd

NED 1uaindal | 8seyd

INGD 1ua4Inoal || 8seyd
INGD 1uaLNoal || 8Seyd

D 1uainoal | 8seyd

INED 1ua4inoal || 8seyd

INED 1uaindai ||| 8seyd

IMV/MEld

g-oMd

d-d490ad ‘e/e/}
-d494 ‘e/2/1-d4D3IA

-0 ‘d/m-d44oad
€/2/1-d493aN

13N-°
IM-0 434 ‘€'2-H4D3aN

€/¢/1-d493N

2IS-0 ‘UM-O ‘2-H4DIN
€/2/1-d494 '-44Dad
‘W0 ‘e/2/1-d4D3IN
Y493 ‘2/-H4D3A

ulne}sezug

qluinog

qiuespe)

¥811X)
qiunuezogen

quuxy
qiuedy

gluiojuy
88/33V

JoMQIyul 8seuy| auIsoJAL

2-d493A
2-d4D3A
Zbuy

(so1Lao) unbopuz

(L000-OV.LL)
qewnuigiue]

gewnionwey
78898810-4d

(F810HL)
gewixniose)

SUIUOW €'F "SA #'8 SAdW 'SYIUOW /9L 'SA 8'9L SOW :OlIDVAY ‘AJd F ZINL/1Y NgD pesoubelp Aimau ||| eseyd V-493A qewnzioensg
(S¥25-SD)

(9€81€9€010N) Butobuo INgD 1uaunoal || 8seyd 6dNIN gewIx|[eospuy

selpognuy

s)nsay ubisep |eu} 1saype 1061e] Bniq

JudunEan dIUeSorSue-NUE M S[BLN [edTUI[D) | IqE],

Chin Clin Oncol 2020 | http://dx.doi.org/10.21037/cc0.2020.03.06

© Chinese Clinical Oncology. All rights reserved.



Page 5 of 14

Chinese Clinical Oncology, 2020

(pomusnuoD) Y S]qEL

(8) Adeisyjouow unejdogsed o} pasedwod giuedspueA
4O UOIIPPE UNM 1jousq Pappe ON :SYUow /'L S4dw ‘syluow 9°G Sow

[(eg) unejdoguen yum Ajpuaiinouod usalb usym SO
pue 9S4d 8SI0M] SyuoW "/ | 9S4d ‘SUIOW /g'6 SOW ‘Ue|dogied Joye Usiln

[(2z8) suoje ZI\L + 1Y 031 pasedwod panoiduwi
Apueoyiubis jou giuelspuen Jo uolppe] syluow /°/ S4d ‘Ssyiuow 99| sow

(18) syiuow £'g S4dw ‘syuow |'g SOW

(6e¥¥¥820LON) BulobuQ

(08‘62) uoneUIqWOD JO JyBUSq JuBDIUBIS OU ‘gewnzioeAsq o0} pasedwod
Ay1o1x0} paseasoul 'SYuow Ly—6'L Sdd ‘%E2-91 9S4d ‘syuow | 1-8'g SO

(2566£220.L0N) Bulobuo

(82°2/) UE9SIOULI Y}IM UOIBUIGIOD
Ul JusWaA0IdW OU ‘SYIUOW Z'2 SAd ‘%S 12-G'2 | 9S4d ‘Syluow 9°Z1-9'6 SOW

(92) sywuow Gz S4dW %1

9S4d ‘SYIUOW /°G SOW ‘QIUIOLS Y}M UOHBUIGWIOD Ul £(G/) SYIUOW 9°g S4dw
‘%121 9S4d ‘Syuow €9 SOW ‘sjusiied SAlBU 4DHFA-IUE Ul SNWIOAISWS] UM
UOHEBUIQWIOD Ul {(}7/) SY88M $°9 SAdW ‘%6 9S4d ‘SH88M G' Ly SOW ‘ZINL Yim
UOIBUIGWIOD Ul £(€2) %1%'02 9S4d ‘SUIUOW 9'G SOW AT YIM UOIIBUIGUOD U]

(22) supuow 9 S4dw ‘sypuow g SoW

INED 1ua4Inoal || 8seyd

Bwolkoouise onse|deue JualInoal || aseyd

NgD pasoubelip Aimau || eseyd

INED 1ua4Inoal || 8seyd

INGD 1ua1Inoal || 8seyd

INED 1uBLInoal || 8seyd

INED 1uBLInoai Ul ||| 8seyd

INGD 1Ua1INd8l Ul || 8Seyd

INGD 1Ua4IND8l Ul || 8SByd

NGD pasoubelp Aimau || 8seyd

134
‘4493 ‘2/1-H49D3aA qiuelapuBA
€/2-d4D3A qIuezonl|
9 utyde
493N ‘2d3H 493 qiuIenass|
(815 NTTIN)
-0 ‘€174 ‘d49ad quinpue|
-0
‘d/0-449ad ‘2-4493A quiung
aseup| jey ‘c114
‘d-449ad ‘c/2-d493aA qluejelos

I 4494 ‘d-4450ad

(9091 507010N) Bulobuo NGO 1usind8l Ul || 8Seyd ‘e/LH4D3aN qiuejelobey
(12) shep gz Sddw ‘skep g6 SOW NgGD 1uaiindal ul || eseyd ¢-d493A qluireuod
(02) Alenioadsai ‘edAip|im 493 pUE JUBINW [|IAH4DT Ul %G | PUB %0 9S4d
03 enp uoneulwle} Apes ‘(ougiyul 4453 ‘Nau/gd3H) qiuirede| yum pasuiquio) NGD 1ueLIndal ||/| 8seyd
. . . -0
syuow /- w ‘o syjuow w aLNoal || ose
(69) sy 12°2 S4dW “%¢€ 9S4d sy €08 SO nNgo Il Ud d/o -445ad
(8617 1£€201ON) Bulobuo INgD pasoubelp Aimau ||/] 8seyd €/¢/L-4D3aN qiuedozed
g/od49ad pue g/¢
(89) %0 9S4d ‘syiuow 9 SOW NgD waunoal | 8seyd  /LH4D4 ‘e/e/L-H4D3N qiuepsjuiN
(ngo g-44o5ad
Bulobuo ‘gewnzijoiqued yym pauiquio Buipnjoul) siown} pijos PaoUBApPE || OSE
(92£26/€010N) q |04 yum psuiquiod pnjour) pijos p pe || Ud LH4D4 (080/3)
(29) sypuow 6| S4dW ‘%€'8 9S4d ‘sypuow ||y Sow NGO 1usiindal || eseyd ©/2-d49D3N qluieausT
synsay uBisap |eu} 1sayue 106e] Bnig

(pomuspuoD) Y S]qEL

Chin Clin Oncol 2020 | http://dx.doi.org/10.21037/cc0.2020.03.06

© Chinese Clinical Oncology. All rights reserved.



in the management of GBM

ies

ic therap

i-angiogen

Schulte et al. Anti

Page 6 of 14

"J0}da2a1 J10}oe} Yimoihb
[el|dYIopuUS JEINOSBA ‘H4DIA ‘eplwojozows} ‘ZINL ‘eusboouo-ojoid DHS ‘OYS 4oNgIyul Jejndsjow [ews ‘NS ‘Adessy} uonelpel ‘1Y ‘eusboouo-ojoid 134 13y Jepodxe
434/Av 434 ‘4o1oe) yimoub panusp [eluadeld 4oid ‘eseuny-.g jousoulApneydsoyd “Megld (D aseuny uidroid ‘Oyd o1oe} ajqionpul eixodAy HiH B19q 0 aseuny uidloid ‘g-OMd
‘aseun|-¢ a1eydsoydsig-G‘y-lousouljApirieydsoyd ‘g¥id 401dadai Joioe) ymmolb paausp 19191e|d ‘449Ad {[BAIANS |[BJOA0 UBIPSW ‘SOW {[BAIAINS daJj-uoissalboid ueipaw
‘S4dW ‘eainins aauj-uoissalboid yuow-9 ‘9S4d ‘esesjoldojelsw xuew dININ ‘g 101dadal Jojoe) ymmodb jewuspids uewny ‘gyaH ‘ewloyynw ewoise|qolb ‘Ngo ‘eseuny
aUIS0JA} 8YI]-sW4 ‘g|4:401dedai Jojoe} Ymolb isejqoiql ‘Y494 ‘Joidadal Jojoe) ymmolb jewuspide ‘449H3/493F ‘eunsnwol ‘NNDD ‘qewnzioeasq ‘A3g ‘g-unsiodoibue
‘gbuy | aseuny aujuoaiyl/euUeS 1MV ‘DY ‘BwolAo0ssy dnseldeuy ‘yy “papiaoid S| Jeqwinu uoljedisiBal (1DN) S[ell [edlullD |[euoileN 8yl ‘sjel} Bujobuo Jo4 ‘sjeu

asaUy} Jo synsai 8y} jo Arewwns jauqg pue (|| pue ‘| ‘| eseyd) aseyd [eu} a|gejieAe 1seybily ‘}ebiey Jeinosjow sy} ‘NgD ul siseuabolbue piemo} psjebie} seidessyy Jo isi
¢-d493A
(1200S2€0.LON) BulobuQ INED Juaunoal || 8seyd  sulele suldoeA [elQ FONXA

J0}daoai onoydode
Buiaup Luleyiopus-oud

(S0t 1 1G20.LON) BuloBuo INgD juaunoal ||| 8sBUd  -8dd Yim sniinouspe LEL-GA

(LG) supuow 9'g utejoud uoisny (98¢ DINY)

S4dW ‘%EH2 S4d9 ‘SYIUOW G'6 SOW ‘qelnzIoeASd )M UOITeulquiod U] INgD 1ueuNnoal || eseyd o4-spnded g/|-Buy qlueuegal|
(88) PaIPN}S J0U UOIBIUBOUOD (d4D3A pereAnoe pue

uleq ‘gqewnzioeAsq Yim pauiquiod Usym UOIFBIIUSOUOD WNJISS POSESIOU| INED 1uaindal | 8seyd 0} spulq) Jonqiyul 49|d L77E28504

(£8) sywuow /°9 S4dw NGD jusundal || eseyd eydlez-4|H o} INS G8¢gcld
INED 1US4INo8J Joydeoal g/v|

[eniooe Jood 01 anp pareuluIs] pue pasoubelp Aimau ul | 8seyd -uljpylopug o1 |INS uejua)oeN

2-d493A buipuiq

(98) Aoeoiyeul 01 enp pajeulwis] INED 1ua1inoal || 8seyd unosupy paejAbad 22¢-19
(8) sxeem '8 S4dW ‘%G| 9S4d ‘suiuow 6’6 SOW INGD 1uauNoal Ul || 8seyd suuBoy| Ldnp

(eg) suofe 1Y + ZINL 0% epiibus|io Buippe Jo Hysusg Ou 'SYUoW g9z SOW gD pesoubelp Aimeu ul ||| eseyd ‘Ggno ‘ggdan o1 INS apibusliD
- . 2 L-d4D3an

(bp) SOOM 21 S4dW ‘96/7/ 9S4d ‘SYeeM GG SOW 8D I eseud 40 saousnbas (dear-493n

(Pp) sxeOM ¥ S4dW ‘%52 954d ‘SHeaM BE SOW VYV juaunoal || eseyd  Joydedal 0} pesny Hb)| 1deoseqiy

Jaui0

s)nsay uBisap |eu} 1sayue 106se] Bnig

(pomuspuoD) Y S]qEL

Chin Clin Oncol 2020 | http://dx.doi.org/10.21037/cc0.2020.03.06

© Chinese Clinical Oncology. All rights reserved.



Chinese Clinical Oncology, 2020 Page 7 of 14

ADAPTIVE (EVASIVE) RESISTANCE

. Cancer cell @ Mesenchymal
stem cell (MSC) ATRINSIG
O ormal el @ Endothelial NON-RESPONSIVENESS

progenitor cell (EPC)
Pericyte

/ Endothelial cell %

RESISTANCE AND RELAPSE

1. Activation of other pro-
angiogenic factors

bFGF
Ephrins
PIGF
Angiopoietins
IL-8

therapy

RESPONSE

6. Vascular mimicry

VE-cadherin

2. Recruitment of bone marrow-derived
progenitors for de novo vasculogenesis

Bone
marrow

3. Hypoxia-induced autophagy 4. Increased invasiveness
Figure 1 Mechanisms of resistance to anti-VEGF therapy. Resistance to VEGF targeted therapy is multifactorial, involving initial non-
responsiveness of tumor cells to anti-VEGF therapy, as well as later acquired resistance via several mechanisms. (I) Upregulation of
angiogenesis through VEGF-independent pathways, including FGE, PIGE, HGF, c-MET, ANG1, ANG2, and interleukins. (II) Increased
recruitment of bone-marrow derived progenitors, including mesenchymal stem cells and endothelial progenitor cells, which differentiate
into pericytes and endothelial cells, respectively, to populate new blood vessels. (III) Tumor cells under hypoxic stress sequester damaged cell
components, in a process called “autophagy”, which delays cellular apoptosis. (IV) Tumor cells treated with anti-angiogenic agents migrate
and invade away from hypoxic areas, making treatment with surgery and radiation more difficult. (V) Tumor cells in hypoxic environments
will migrate toward blood vessels in the nearby normal brain, and “co-opt” these vessels for their supply of oxygen and nutrients. (VI) Tumor
cells can change their shape to resemble endothelial cells, and will aggregate with normal endothelial cells to create cylindrical structures
with lumen, which behave as blood vessels. Adapted from Chandra ez 4l. (89). ANG1/2, angiopoietin 1/2; bFGE, basic fibroblast growth
factor; BNIP3, B-cell CLL/lymphoma 2 (BCL2)-interacting protein 3; c-MET, c-MET proto-oncogene; HIF-1a, hypoxia inducible factor
1 subunit alpha; HGE, hepatic growth factor; IL-8, interleukin-8; PDGF, platelet-derived growth factor; PIGE, placental growth factor;

VEGE, vascular endothelial growth factor; MMP, matrix metalloproteinase; VE-cadherin, vascular endothelial cadherin.
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well as proteins that allow invasion of cells through the
extracellular matrix including MMPs -2, -9, and -12; and
secreted protein acidic and rich in cysteine (SPARC) (112).
Among other pro-migratory mechanisms, tumor cells may
transition to a mesenchymal phenotype mediated via PDGF
and HGF-dependent MET signaling (105,113). This was
demonstrated after exposure to either bevacizumab or
cediranib (99,114), and led to interest in targeting the MET
pathway in conjunction with VEGF manipulation, as MET
may also contribute to tumor growth. Although a phase II
trial evaluating bevacizumab with or without onartuzumab,
a monovalent MET inhibitor, failed to improve PFS or
OS (115), trials of other ¢-MET inhibitors are in progress
(NCT02386826, NCT02270034).

Evolving use of anti-angiogenic therapy

Though anti-angiogenic therapies to date have failed to
extend survival in new or recurrent GBM, their contribution
to PFS suggests some degree of benefit, possibly through
alleviation of peritumoral edema (116). Corticosteroids
are first line therapy for peritumoral edema, but have a
broad and high-frequency side effect profile particularly
in the setting of prolonged use, including myopathy,
hyperglycemia, weight gain, hypertension, osteoporosis,
insomnia, anxiety, and rarely avascular necrosis among other
toxicities (117). Bevacizumab carries a distinct range of side
effects, including hypertension and poor wound healing,
but also rare risks of thromboembolism, hemorrhage,
gastrointestinal perforation and nephrotic syndrome (118).
Several clinical trials suggested that bevacizumab can
reduce reliance on corticosteroids in GBM patients.
These observations emerged from the AVF3708g trial,
EORTC26101 trial, and other observational studies
(38,39,119). Likewise, use of cediranib and cabozantinib
(which inhibits VEGF2, MET, AXL tyrosine kinase, and
ret protooncogene RET) also correlated with reduced
corticosteroid use over time (60,94). In regards to quality-
of-life and symptom control, there is conflicting evidence
as to whether bevacizumab is beneficial. The AVAglio trial
in newly diagnosed GBM noted delayed deterioration
of quality-of-life metrics (including global health status,
cognitive, emotional, and social functioning, and ability
to communicate) with bevacizumab compared to control,
and stable Mini Mental Status Examination (43). However,
the RTOGO0825 study reported decreased quality-of-life
measures (symptom control and neurocognitive function)
with bevacizumab compared to placebo (42).
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Bevacizumab is also used to treat the clinical and
radiographic changes associated with radiation necrosis in
the brain. Radiation may underlie short- and long-term
changes to the vasculature including increased vascular
permeability, vasculopathy, ischemia, necrosis, and resultant
edema (120). These pathological changes underlie MRI
findings including increased contrast enhancement and
edema that are often difficult to distinguish from tumor
progression. Radiation necrosis can be symptomatic with
focal deficits including weakness and aphasia, headaches,
and seizures. Recent studies demonstrated bevacizumab
to be a powerful tool for managing radiation-associated
edema (121,122). There is an ongoing phase II clinical trial
comparing corticosteroids plus bevacizumab versus placebo
for the treatment of radiation necrosis in brain metastasis
(NCT02490878).

In addition to symptomatic treatment, there is still hope
that anti-VEGF agents may be helpful in combination
with other therapies, including cytotoxic chemotherapy,
TKIs, and immunotherapy, in improving survival in GBM.
Many of these combinatorial strategies rely on the recent
mechanistic understanding that anti-VEGF therapies may
act to normalize the blood vasculature, improving spatial
and temporal delivery of therapeutic agents across the tumor
(34,123). Improved efficacy of combinatory treatment may
require specific timing of anti-VEGF agents with cytotoxic/
cytostatic agents. For example, a phase II trial looking at
cediranib demonstrated vascular normalization occurs day 1
to 28 after drug dosage (94). Experiments looking at the time
frame for vascular normalization after bevacizumab have
yet to be been done in GBM, but mouse models suggest
it starts as early as 1 day after infusion and clinical trials in
rectal carcinoma suggest half of the tumor vasculature is
normalized by day 12 (124). The dosing of bevacizumab may
influence response as well, with some studies suggesting that
a reduced dose may be more efficacious (125,126).

The interaction of VEGF signaling and the immune
system is of particular interest given the impact of
immunotherapies in several cancers. VEGF signaling
inhibits differentiation of circulating hemopoietic
progenitor cells, dendritic cells, and T cells through nuclear
factor kappa B (NFxB) signaling (127,128). Aflibercept
also increases the mature dendritic cell population in solid
tumors (129). In a study of colorectal cancer, bevacizumab
increased CD4+ and CD8+ T cells, as well as CD20+ B
cells in peripheral blood (130). However, these studies
suggesting that VEGF inhibition may alleviate VEGF-
mediated immunosuppression was countered by a study in
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which VEGF inhibition was tied to impaired lymphocyte
recruitment (131). A better understanding of the role of
VEGTF in regulating the brain immune niche and GBM
tumor microenvironment is clearly needed.

Conclusions

Angiogenesis is a hallmark feature of GBM and the role
of anti-angiogenic agents in GBM treatment has evolved
over time. While initial trials were promising that these
agents could impact prognosis, many agents including anti-
VEGEF antibody failed to prolong survival in both newly
diagnosed and recurrent GBM, either as monotherapy
or in combination with traditional chemotherapies and
other targeted agents. Despite these challenges, anti-
angiogenic agents still have utility for managing vasogenic
and radiation-related edema, being used in combination to
target multiple angiogenic pathways, and to promote the
intratumoral uptake of other chemotherapies.
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